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Abstract 
The novel concept of enhanced geothermal system with CO2 instead of water as working fluid (CO2-EGS) has 
attracted wide attention due to additional benefit of CO2 geological storage during the power generation process. In 
this research, numerical investigation on a doublet CO2-EGS system is performed, focusing on the influence of the 
injection/production well perforation location in the targeted geothermal reservoir. Three different reservoir inlet and 
outlet boundary conditions are used in simulations since the well constrains are different in reality. The results show 
that CO2-EGS system performance of power generation and power cost vary greatly among cases of different wells 
perforation locations, and the optimum options under different boundary conditions are also different. 
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1. Introduction 
The novel CO2-EGS concept of using supercritical CO2 instead of water as heat transmission fluid in 
the enhanced geothermal system has attracted extensive attention since it was proposed by Brown [1]. 
Besides the additional benefit of potential carbon dioxide geological storage through CO2 working fluid 
losses at depth during the power generation from geothermal energy, CO2-EGS also has favored its 
advantages including large compressibility and expansivety, favorable transport characteristic (larger ratio 
of density to viscosity under targeted geothermal reservoir conditions) and self-driven high flow rates due 
to strong buoyancy force [2-5]. There are many challenges for demonstration and large scale application of 
CO2-EGS system, and the field scale numerical simulation study is an important and useful tool to predict 
the behavior of CO2-EGS [2,3,6,7]. 
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The original study on the influence of the injection/production well perforation location on CO2-EGS 
was done by Pruess for idealized homogeneous geothermal reservoir [3]. However, in our best knowledge, 
there was little paper concerning the influence of wells perforation location on CO2-EGS performance for 
the stratified heterogeneous reservoir. Moreover, for different injection/production well configurations in 
reality, the different boundary conditions should be used because of the different well constraints. 
Therefore, this study numerically investigates the thermal-hydraulic behaviour of CO2 in the targeted 
geothermal reservoir during the power generation process using CFD code FLUENT 6.3, focusing on the 
influence of the injection/production well perforation location on the system performance under different 
injection and production boundary conditions. The present study tries to provide some potential 
suggestions and directions for the demonstrative even the commercial CO2-EGS projects in the future. 
2. Physical-mathematical model, numerical grid and procedure 
The underground part of a doublet CO2-EGS system consists of an injection well, the geothermal 
reservoir and a production well, as shown in Fig. 1. The modelled reservoir area is 300m × 300m × 200m 
and divided into five layers after the condition at the European EGS site at Gro Schonebekc (north of 
Berlin, Germany) [8]. The reservoir is at depth from -4800 to -5000m and treated as porous media with 
porosity of 0.05. The ratio of the horizontal permeability to the vertical permeability is set as kh/ kv = 4 in 
each layer and the detailed permeability distribution are listed in Table 1. 
 
Fig. 1. Schematic diagram of a doublet CO2-EGS system
 
Table 1. Permeability distribution of the layered reservoir  
Layer  
number 
depth 
 (m) 
kh  
(10-13m2) 
kv  
(10-13m2) 
Layer 1 (bottom) -4800 to -4840 1 0.25 
Layer 2 -4840 to -4880 2 0.5 
Layer 3 -4880 to -4920 5 1.25 
Layer 4 -4920 to -4960 10 2.5 
Layer 5 (top) -4960 to -5000 2 0.5 
The numerical simulations of the 3-D, unsteady, laminar flow in the reservoir domain were performed 
using FLUENT 6.3 [9]. FLUENT is a renowned computational fluid dynamics software package to 
simulate fluid flow and heat transfer problems, which uses the finite-volume method to solve the Navier-
Stokes equations for the fluid. The governing equations are [9]: 
Continuity equation: 
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where  is the fluid density, V is the velocity vector, P is the pressure, I is the unit tensor, g is the 
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gravitational constant of  9.8m/s2, k is the permeability, C is the inertial flow resistance factor,  is the 
porosity, E is the total energy,  is the thermal conductivity and  is the fluid viscosity. The subscripts of f 
and s mean CO2 fluid and rock solid respectively. The hydraulic and thermal properties of CO2 fluid is 
calculated by the NIST real gas model embedded in FLUENT code. The density of reservoir rock is 
2650kg/m3 with thermal conductivity of 2.9W/m·K and specific heat capacity of 905.7J/kg·K.  
The software Gambit 2.3.16 and TGRID 4.0.24 were used to generate the grid. The meshes around the 
wells and near the interfaces between adjacent layers were refined, as shown in Fig. 2. A grid 
independence study ensured that the meshes were sufficiently refined to not influence the simulation 
results. The final grid used consisted in about 1,250,000 elements for the wells with maximum edge 
lengths of 0.2m and minimum of 0.00001m and about 880,000 elements for reservoir with maximum of 
3.75m and minimum edge lengths of 0.2m. The PISO algorithm was used to couple the pressure and 
velocity and the PRESTO! scheme was used for pressure discretization. The second-order discretization 
was used for all equations with the residual convergence criterions set to 1 × 10-5. The time step size for 
transient simulations was fixed at 5 × 105 s. 
The inner zone is the main volume for heat transfer, and the fluid only consists of a single CO2 
phase in the inner zone [10]. All cases in this paper only consider the inner zone and there is only a single 
CO2 phase. The accurate initial condition is important for the subsequent transient simulation, which is 
obtained from a steady simulation without any CO2 injection and production in the reservoir. With the 
bottom pressure of 60.6MPa and the top temperature of 225oC, the calculated temperature and pressure 
distribution along the vertical direction in the reservoir is shown in Fig. 3. The temperature difference 
between the top and bottom surface in the reservoir is 5.3oC while the pressure difference is 1.1MPa. 
  
Fig. 2. Mesh distribution (left: top view; right: front view) Fig. 3. Simulated temperature and pressure profiles in 
the reservoir for initial stationary state 
3. Numerical simulation results and discussions 
The influence of the injection/production well perforation location on the CO2-EGS system 
performance was investigated under different injection and production boundary conditions in the 
reservoir, including the mass flow inlet with outflow boundary condition, the pressure inlet with pressure 
outlet boundary condition and the mass flow inlet with pressure outlet boundary condition. For each 
boundary condition, a total of 11 cases were simulated, as listed in Table 2. 
3.1. Mass flow inlet with outflow outlet boundary condition 
For the cases of mass flow inlet and outflow outlet boundary condition, CO2 is injected into the 
reservoir at 154kg/s with the temperature at 27.1oC. Fig. 4 shows the change of the outlet temperature and 
the net heat extraction rate with time. The net heat extraction rate was calculated as: 
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ininoutoutrateextractionheatnet mhmh      (4) 
where h is CO2 specific enthalpy and m is CO2 mass flow rate, the subscript of out and in mean under the 
condition at the outlet and the inlet of the reservoir respectively. 
 Case A3 predicts the longest thermal breakthrough time and the greatest cumulative heat extraction 
before thermal breakthrough, followed by case A5 and case A6, as shown in Table 3. These three cases 
have the production well perforated in the top layer which could lengthen the CO2 transport pathway in 
the reservoir because the injected denser cold CO2 tends to flow downwards in the reservoir. 
 For Case A7 and A8, the injection well or the production well is perforated in the bottom layer, so 
most of the injected cold denser CO2 flow through the bottom layer under the buoyancy force and the heat 
transfer between CO2 and the entire geothermal reservoir is insufficient, resulting in that the produced 
CO2 temperature drops dramatically after a short period of power generation. It is remarkable that case 
A10 and A9 performs worse than case A7 and A8. The injection well or the production well is perforated 
in the most permeability layer (Layer 4) and most of the injected CO2 go through the Layer 4 due to the 
smallest viscous driving force in need, leading to the earliest thermal breakthrough. It seems that there is 
competition between the buoyancy force and the viscous driving force, determining whether the injected 
CO2 flow more vertically or more horizontally in the reservoir. Therefore, it is safe to say that a larger 
permeability in the fractured geothermal reservoir do not always means a better overall performance in 
CO2-EGS operation, because the larger permeability may shorten the thermal breakthrough time.  
Fig. 5 shows the change of the pressure at the reservoir inlet and outlet. The curves of the injection 
pressure for the same injection well perforation location coincide with each other and the curves of the 
production well for the same production well perforation location coincide with each other before thermal 
breakthrough. 
  
(a) temperature at the reservoir outlet (b) rate of the net heat extraction from the reservoir 
Fig. 4. The change of the temperature and heat extraction rate with time for different wells perforation locations 
  
(a) pressure at the reservoir inlet (b) pressure at the reservoir outlet 
Fig. 5. The change of the pressure with time for different wells perforation locations 
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The most favorable option for the pressure losses through the entire reservoir is case A1 (perforating 
both the injection and production well open to all layers), as listed in Table 3. This could be mainly 
contributed to the largest cross area for CO2 transport in the reservoir.  It should be noted that although 
case A3 has the best thermal breakthrough and cumulative extracted heat performance, it has the most 
unfavorable results in pressure loss through the reservoir which requires the most cost in the consumed 
driving power. Therefore, to comprehensively evaluate the wells perforation location options, we tried to 
put forward one non-dimensional factor, E, calculated as: 
3/1
1loss,1loss
cum,1cum
/
/
tPtP
heatheat
E
       (4) 
where the subscript 1 means the reference case, case 1. The values of E for the different wells perforation 
location options are listed in Table 3, showing that case A1 has the largest E of 1 which means the most 
favourable comprehensive performance. 
Table 2. The distribution of perforation of the 
injection/ production well 
case number injection layer 
production 
layer 
A1 B1 C1 All layers All layers 
A2 B2 C2 Layer 1 All layers 
A3 B3 C3 Layer 1 Layer 1 
A4 B4 C4 Layer 1 Layer 5 
A5 B5 C5 All layers Layer 1 
A6 B6 C6 Layer 5 Layer 1 
A7 B7 C7 Layer 5 All layers 
A8 B8 C8 All layers Layer 5 
A9 B9 C9 All layers Layer 4 
A10 B10 C10 Layer 4 All layers 
A11 B11 C11 Layer 4  Layer 1 
 
Table 3. Simulated results for different wells perforation location options under 
boundary condition A 
case 
number 
tb 
(days) 
T at tb 
 (oC) 
Pave 
before tb 
 (MPa) 
heatcum  
before tb 
 (MW-day) 
E 
A1 578.7 223.65 2.42 28126.2 1 
A2 856.5 222.95 14.41 41224.9 0.71 
A3 1203.7 216.05 23.26 57937.2 0.76 
A4 763.9 222.18 17.46 36772.0 0.62 
A5 1064.8 218.43 11.31 51819.3 0.90 
A6 949.1 218.75 17.30 45942.7 0.72 
A7 509.3 223.42 8.34 24619.3 0.60 
A8 509.3 222.21 5.43 24750.3 0.70 
A9 463.0 223.66 2.21 22495.1 0.89 
A10 463.0 223.04 2.79 22483.1 0.82 
A11 879.6 219.05 11.72 42783.0 0.78 
tb means the thermal breakthrough time. 
3.2. Pressure inlet with pressure outlet boundary condition 
With the pressure inlet and the pressure outlet boundary condition applied in the reservoir, the 
injection pressure gradient was determined from stationary state at 27.1oC with 61.6MPa at the bottom 
while the production pressure gradient was determined from stationary state at 225oC with 59.6MPa at the 
bottom, as illustrated in Fig. 6.  
 
Fig. 6. The pressure gradient of the boundary condition at the reservoir inlet and outlet 
 Feng Luo et al. /  Energy Procedia  37 ( 2013 )  6636 – 6643 6641
 
When the pressures at the reservoir inlet and outlet are fixed, the driving force for CO2 transport 
through the reservoir is fixed. From Darcy s equation: 
P
L
kAQ -
       (5) 
The CO2 mass flow rate will be different among different wells perforation locations because of the 
difference of the cross area, A, and the effective permeability per unit pathway length, k/L. 
Fig. 7 presents the change of the CO2 mass flow rate, the CO2 temperature at the reservoir outlet and 
the heat extraction rate from the geothermal reservoir. With the increasing of CO2 mass flow rate, the rate 
of heat extraction by flowing CO2 from geothermal reservoir increases and the thermal breakthrough 
advances. Case B1 predicts the shortest thermal breakthrough time because of the largest CO2 mass flow 
rate benefit from the largest cross area, A, of CO2 transport. Case B9 and B10 also perform unfavourably 
in the thermal breakthrough mainly because that the perforation of the injection well or the production 
well is located in the most permeability layer (Layer 4), which means the effective permeability per unit 
pathway length, k/L, is relative larger. 
To design the CO2-EGS system, a relative longer breakthrough time is in need to ensure the smooth 
operating of system in a long time, also, a larger heat extraction rate form geothermal reservoir is 
important to create more power daily. Therefore, these two factors should be balanced simultaneously. 
Table 4 lists some important results of case B1 to B11, because some cases do not reach the thermal 
breakthrough during the simulation time, the listed results is the values obtained at the end of the 
simulation time, 3500 days. The results prove that case B5 predicts the most favorable comprehensive 
performance. 
  
(a) CO2 mass flow rate    (b) temperature at the reservoir outlet (c) net heat extraction rate 
Fig.7. The change of mass rate, temperature and heat extraction with time for different wells perforation locations 
3.3. Mass flow inlet with pressure outlet boundary condition 
For the cases of mass flow inlet with pressure outlet boundary condition, the CO2 injection rate into the 
targeted geothermal reservoir was set at 154 kg/s with the temperature at 27.1oC while the production 
pressure gradient was determined from stationary state at 225oC with 59.6MPa at the bottom.  
Fig. 8 shows the change of the CO2 temperature at the reservoir outlet, the heat extraction rate from the 
targeted geothermal reservoir and the injection pressure at the reservoir inlet. Table 5 lists some important 
results of case C1 to C11. As the results in section 3.1, case C3 has the longest thermal breakthrough time 
and the greatest cumulative heat extraction amount but with the largest pressure loss through the reservoir. 
Also, C1 predicts the smallest pressure drop through the entire reservoir. From the calculated values of E 
in Table 5, case C1 has the most favorable comprehensive performance with the largest E of 1.00.  
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(a) temperature at the reservoir outlet  (b) net heat extraction rate (c) injection pressure at reservoir inlet 
Fig. 8. The change of temperature, heat extraction and pressure with time for different wells perforation locations 
Table 4. Simulated results for different wells 
perforation locations under boundary condition B 
case 
number 
tb 
(days) 
T at tb 
/3500 days 
(oC) 
heatcum before 
tb/3500days 
(MW-day) 
B1 393.5 223.20 20575.4 
B2 Non 224.98 15069.4 
B3 Non 224.74 9338.3 
B4 Non 225.05 11917.1 
B5 Non 224.37 26446.8 
B6 Non 224.54 18761.5 
B7 2268.5 219.39 26144.7 
B8 1203.7 219.51 18509.0 
B9 439.8 223.31 17902.0 
B10 486.1 223.43 18513.8 
B11 Non 224.39 26429.9 
 
Table 5. Some important simulated results for different wells 
perforation location options under boundary condition C 
case 
number 
tb 
(days) 
T at tb 
(oC) 
Pave 
before tb 
(MPa) 
heatcum 
before tb 
(MW-day) 
E 
C1 509.3 222.92 1.43 24738.2 1.00 
C2 740.7 223.70 13.42 35651.5 0.60 
C3 1226.9 215.34 22.82 57786.2 0.69 
C4 763.9 221.79 17.45 36488.1 0.56 
C5 1088.0 219.07 10.39 51982.6 0.84 
C6 972.2 219.06 16.63 46129.8 0.66 
C7 439.8 223.06 7.34 21250.6 0.52 
C8 509.2 221.97 5.23 24577.4 0.64 
C9 439.8 22.75 1.87 21353.5 0.83 
C10 370.4 223.84 1.80 17986.2 0.75 
C11 902.8 219.19 10.82 43090.6 0.73 
 
 
4. Conclusion 
The location of the injection/production well perforation in the targeted geothermal reservoir 
influences the CO2-EGS system performance and is important during the process of designing the CO2-
EGS system. In this research, one numerical simulation method is provided with FLUENT code. The 
numerical simulation on CO2-EGS with various injection/production well perforation locations under 
three different boundary conditions was carried out. The results prove that for the present model, the 
option of perforating both the injection and production well only in the top layer has the best thermal 
breakthrough and cumulative heat extraction performance but with the worst pressure loss performance 
for the mass flow inlet with outflow outlet boundary condition as well as for the mass flow inlet with 
pressure outlet boundary condition. When the created power and the consumed power before thermal 
breakthrough are comprehensively taken into account, the most favorable option is perforating both wells 
open to all layers for these two boundary conditions. As for the pressure inlet with pressure outlet 
boundary condition, perforating the injection well open to all layers with the production well perforated 
only in the top layer predicts the best performance both in thermal breakthrough and cumulative heat 
extraction, also is the optimum options in comprehensive performance. 
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